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Perk-dependent repression of miR-106b-25 cluster is 
required for ER stress-induced apoptosis 

S Gupta*' 1 ' 2 ' 7 , DE Read 1 ' 2 ' 7 , A Deepti 2 ' 3 , K Cawley 2 ' 3 , A Gupta 1 , D Oommen 2 ' 3 , T Verfaillie 4 , S Matus 5 , MA Smith 6 , JL Mott 6 , 
P Agostinis 4 , C Hetz 5 and A Samali 2 ' 3 

Activation of the unfolded protein response sensor PKR-like endoplasmic reticulum kinase (Perk) attenuates endoplasmic 
reticulum (ER) stress levels. Conversantly, if the damage is too severe and ER function cannot be restored, this signaling branch 
triggers apoptosis. Bcl-2 homology 3-only family member Bim is essential for ER stress-induced apoptosis. However, the regulatory 
mechanisms controlling Bim activation under ER stress conditions are not well understood. Here, we show that downregulation of 
the miR-1 06b-25 cluster contributes to ER stress-induced apoptosis and the upregulation of Bim. Hypericin-mediated photo-oxidative 
ER damage induced Perk-dependent cell death and led to a significant decrease in the levels of miRNAs belonging to miR-1 06b-25 
cluster in wild-type (WT) but not in Perk" /_ MEFs. Further, we show that expression of miR-1 06b-25 and Mcm-7 (host gene of 
miR-1 06b-25) is co-regulated through the transcription factors Atf4 (activating transcription factor 4) and Nrf2 (nuclear factor- 
erythroid-2-related factor 2). ER stress increased the activity of WT Bim 3'UTR (untranslated region) construct but not the 
miR-1 06b-25 recognition site-mutated Bim 3'UTR construct. Overexpression of miR-1 06b-25 cluster inhibits ER stress-induced 
cell death in WT but did not confer any further protection in Bim-knockdown cells. Further, we show downregulation in the 
levels of miR-1 06b-25 cluster in the symptomatic SOD1 G86R transgenic mice. Our results suggest a molecular mechanism 
whereby repression of miR-1 06b-25 cluster has an important role in ER stress-mediated increase in Bim and apoptosis. 
Cell Death and Disease (2012) 3, e333; doi:1 0.1 038/cddis.201 2.74; published online 28 June 2012 
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The endoplasmic reticulum (ER) is a multifunctional signaling 
organelle that controls a wide range of cellular processes. The 
major physiological functions of the ER include folding of 
membrane and secreted proteins, synthesis of lipids and 
sterols, and storage of free calcium. 1 In mammals, three ER 
transmembrane proteins Ire1 (inositol-requiring enzyme 1), 
Atf6 (activating transcription factor 6), and Perk (PKR-like 
endoplasmic reticulum kinase), respond to the accumulation 
of unfolded proteins in the ER lumen. 2 Activation of Ire1 , Atf6, 
and Perk initiates an ER-to-nucleus intracellular signaling 
cascade collectively termed as the unfolded protein response 
(UPR). 3 The most salient feature of the UPR is to increase the 
transactivation function of a gamut of basic leucine zipper 
transcription factors, such as Atf6, Atf4, and Xbp1 (X-box 
binding protein 1 ). 2 Once activated, these transcription factors 
coordinate transcriptional induction of ER chaperones and 



genes involved in ER-associated degradation to enhance 
the protein folding capacity of the cell and to decrease the 
unfolded protein load of the ER, respectively. 1 However, if 
the damage is too severe and ER homeostasis cannot be 
restored, apoptosis ensues. The role of B-cell the lymphoma 

2 (Bcl-2) family in ER stress-induced apoptosis is emphasized 
by concurrent repression of Bcl-2 and upregulation of 
BCL2L11 (Bim) by the ER stress-specific transcription factor 
DDIT3 (Chop, C/EBP-homologous protein), a key determi- 
nant of ER stress-induced apoptosis. 4 ' 5 Bcl-2 homology 

3 (BH3)-only family member, Bim is essential for ER stress- 
induced apoptosis. 5 A major mechanism of regulation of 
Bim-dependent apoptosis is the control of its expression. Bim 
is regulated at the transcriptional, 5 post-transcriptional, 6 ' 7 and 
post-translational 5 ' 8 levels. ER stress activates Bim by 
Chop-C/EBPa-mediated transcriptional activation and protein 



1 School of Medicine (Pathology), Clinical Science Institute, National University of Ireland Galway, Galway, Ireland; 2 Apoptosis Research Centre, National University of 
Ireland, Galway, Ireland; 3 School of Natural Sciences (Biochemistry), National University of Ireland, Galway, Ireland; department of Molecular Cell Biology, Cell Death 
Research and Therapy Laboratory, Faculty of Medicine, Catholic University of Leuven, 3000 Leuven, Belgium; biomedical Neuroscience Institute, Institute of Biomedical 
Sciences, Faculty of Medicine, University of Chile, Santiago, Chile and 6 University of Nebraska Medical Center, Biochemistry and Molecular Biology, Omaha, NE, USA 
"Corresponding author: Dr. S Gupta, School of Medicine (Pathology), Clinical Science Institute, National University of Ireland, Costello Road, Galway, Ireland. 
Tel: +353 91 542796; Fax: +353 91 750596. E-mail: sanjeev.gupta@nuigalway.ie 
7 These authors contributed equally to this work. 

Keywords: miR-1 06b-25; unfolded protein response; apoptosis; Bim; ATF4; NRF2 

Abbreviations: ALS, amyotrophic lateral sclerosis; ATF, activating transcription factor; Bcl-2, B-cell lymphoma 2; BH3, Bcl-2 homology 3; BTB, Broad Complex, 
Tramtrack, and Bric-a-brac; CDK, cyclin-dependent kinases; cDNA, complementary DNA; CHOP, C/EBP-homologous protein; DMEM, Dulbecco's modified eagle's 
medium; elF2a, eukaryotic translation initiation factor 2a; ER, endoplasmic reticulum; Eto, etoposide; FACS, fluorescence-activated cell sorting; fALS, familial ALS; FBS, 
fetal bovine serum; H 2 0 2 , hydrogen peroxide; 4-HNE, 4-hydroxynonenal; HO-1 , heme oxygenase 1 ; Ire1 , inositol-requiring enzyme 1 ; Keapl , Kelch-like ECH-associated 
protein 1; Mcm7, minichromosome maintenance complex component 7; MEF, mouse embryonic fibroblast; miRNA, microRNA; NQO-1, NAD(P)H quinone 
oxidoreductase 1 ; Nrf2, nuclear factor-erythroid-2-related factor 2; PC12, pheochromocytoma 12; PERK, PKR-like endoplasmic reticulum kinase; phOx, photo-oxidative; 
PTEN, phosphatase and tensin homolog; RFP, red fluorescent protein; RT-PCR, reverse transcription PCR; sALS, sporadic ALS; shRNA, short hairpin RNA; SOD1, 
superoxide dismutase 1; tBHQ, tert-butylhydroquinone; Tg, thapsigargin; Tm, tunicamycin; UPR, unfolded protein response; UTR, untranslated region; UTR-mut, 
mutated untranslated region; WT, wild type; Xbp1, X-box binding protein 1 
Received 14.12.11; revised 07.4.12; accepted 02.5.12; Edited by M Piacentini 



ER stress- repressed microRNAs regulate cell death 

S Gupta eta I 



phosphatase 2A-mediated dephosphorylation, which pre- 
vents its proteasomal degradation. 5 Furthermore, expression 
of BH3 only proteins PMAIP1 (Noxa) and BBC3 (Puma) has 
been reported to be upregulated in mouse embryonic 
fibroblasts (MEFs) undergoing ER stress-induced apoptosis. 9 
However, exact mechanism involved in transition of the UPR 
from a protective to an apoptotic phase is not clearly 
understood. 

A class of small RNAs, known as microRNAs (miRNAs), 
have been shown to be critically involved in many cellular 
processes including the control of cell survival and cell 
death. 10 The main function of miRNAs is to direct post- 
transcriptional regulation of gene expression, typically by 
binding to 3'UTR (untranslated region) of cognate mRNAs 
and inhibiting their translation and/or stability. 11 The miR- 
106b-25 cluster comprises a group of three miRNAs on 
chromosome 7 and is transcribed as a single polycistronic 
unit. 12 The miR-106b-25 cluster is located within the 13th 
intron of the protein-coding gene Mcm-7? 2 Amplification and 
overexpression of miR-1 06b-25 cluster has been documented 
in B-cell lymphoma, lung cancer and gastric cancer. 12 The 
miR-1 06b-25 cluster functions as an oncogene by suppres- 
sing the expression of negative regulators of cell proliferation 
such as the pocket proteins pRb and p130, PTEN, the cyclin- 
dependent kinase inhibitors p21 and p57, and proapoptotic 
Bcl-2 family protein, Bim. 13-15 Deletion of the miR-1 06b-25 
cluster in mice does not result in any obvious phenotype 6 but 
loss of both miR-1 06b-25/miR-1 7-92 clusters results in 
embryonic death associated with severe cardiac develop- 
mental abnormalities, consisting of defective ventricular and 
atrial septation and thinner ventricles. 6 However, in contrast to 
the wealth of information about the biological effects of the 
miR-1 06b-25 cluster, little is known about its regulation. Only 
a few studies have recently related ER stress with miRNA 
biology. miRNAs have been recently shown to be controlled 
by ER stress through CHOP, modulating the expression of 
proteins with a high tendency to misfold, thus alleviating ER 
stress. 16 In addition, XBP1 modulates the expression of 
miRNAs related to regulation of the immune system. 17 Finally, 
a recent study indicated that ER stress downregulates 
miRNAs that are important for tumor survival. 18 

In this study, we report the role of miR-1 06b-25 cluster in ER 
stress responses. We show that miR-1 06b-25 cluster is 
repressed by the Perk-dependent transcription factors Atf4 
and nuclear factor-erythroid-2-related factor 2 (Nrf2). Ectopic 
expression of Atf4 or Nrf2 leads to reduced expression of miR- 
106b-25 cluster, which is accompanied by increased expres- 
sion of Bim. We provide evidence that repression of miR- 
106b-25 cluster contributes to the ER stress-mediated 
increase of Bim and apoptosis. Taken together, our results 
suggest a role for miR-1 06b-25 cluster in ER stress-mediated 
increase in Bim and apoptosis. This new level of control may 
fine tune UPR-induced apoptosis in pathologic states such 
as hypoxia, ischemia/reperfusion injury, neurodegeneration, 
atherosclerosis, and diabetes. 

Results 

Role of miR-1 06b-25 cluster in ER stress-induced 
induction of Bim. Given that miRNAs can influence the 



expression of multiple targeted transcripts, we reasoned that 
miRNAs may have an important regulatory role during the ER 
stress response. In preliminary experiments, the relative 
abundance of miRNAs comprising the Sanger miRBase 
database (Release 11.0) were analyzed by microarray 
(LC sciences, Houston, TX, USA) using RNA from H9c2 cells 
during conditions of ER stress. We observed a significant 
downregulation of miRNAs belonging to the miR-1 06b-25 
cluster in H9c2 cells treated with thapsigargin (Tg) or 
tunicamycin (Tm). We validated the downregulation of miRNAs 
comprising miR-1 06b-25 cluster in H9c2 cells during condi- 
tions of ER stress by quantitative real-time PCR (Figure 1a). 
Recently, it has been shown that Dicer is specifically cleaved 
by caspase-3 at two sites STTD 1476 and CGVD 1538 within the 
RNase Ilia domain during apoptosis. 19 Caspase-3-mediated 
cleavage of Dicerl during apoptosis reduces its catalytic 
activity, and reduces the production of mature miRNAs. 19 No 
cleavage of Dicerl was observed in caspase-3-deficient, 
MCF-7 cells during staurosporine or actinomycin-induced 
apoptosis. 19 Therefore, to exclude the possibility that 
reduced levels of miR-1 06b, miR-25, and miR-93 observed 
during conditions of ER stress is due to the proteolytic 
inactivation of Dicerl we determined the levels of miR-1 06b, 
miR-25, and miR-93 in MCF-7 cells upon exposure to ER 
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Figure 1 Downregulation of miRNAs of the miR-1 06b-25 cluster during 
conditions of ER stress, (a) H9c2 cardiomyocytes were either untreated (Un) or 
treated with (1 .0 fM) Tg and (1 .0 ^g/ml) Tm for 24 h. The expression level of 
indicated miRNAs was quantified by real-time RT-PCR, normalizing against 
snoRNA. Error bars represent mean ± S.D. from three independent experiments 
performed in triplicate, (b) MCF-7 cells were either untreated (Un) or treated with 
(2.0 fiM) Tg and (2.0 ^g/ml) Tm for 24 h and the expression level of indicated 
miRNAs was quantified by real-time RT-PCR, normalizing against U6 snRNA. 
Error bars represent mean ± S.D. from three independent experiments performed 
in triplicate. (*P<0.05, **P<0.01, two-tailed unpaired f-test compared with 
untreated cells) 
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stress. A reduction in expression levels of miR-106b, miR-25, 
and miR-93 was observed during ER stress conditions in 
MCF-7 cells (Figure 1b). 

Next, we evaluated the role of the miR-106b-25 cluster 
in regulation of ER stress-induced expression of Bim. To 
recapitulate natural conditions, we expressed the three 
miRNAs of miR-106b-25 cluster (miRs-106b/93/25), which 
are naturally co-transcribed, in pheochromocytoma 12 (PC12) 
cells. We found that ectopic expression of miR-106b-25 
cluster attenuated the ER stress-mediated upregulation 
of Bim in PC12 cells (Figure 2a). To determine the role of 



miR-1 06b-25 in regulating the ER stress-mediated increase in 
Bim levels, we used a reporter plasmid with wild-type (WT) 
Bim 3'UTR (Bim UTR-wt) and mutated miR-1 06b-25 recogni- 
tion site in Bim 3'UTR (Bim UTR-mut) cloned into the 
psiCHECK2 vector. 7 We observed that treatment with ER 
stress-inducing agents, Tg and Tm caused an increase in 
the luciferase activity of Bim UTR-wt construct in MCF-7 cells 
(Figure 2b). This increase was not observed in cells 
transfected with the Bim UTR-mut construct, thus demon- 
strating that mutation of the binding site for members of the 
miR-1 06b-25 cluster in the Bim 3'UTR abolishes its regulation 
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Figure 2 Perk-dependent increases in the activity of Bim 3'UTR reporter construct during conditions of ER stress, (a) pCDH and miR-1 06b-25 cells were either untreated 
(Un) or treated with (0.25 fM) Tg for indicated time points. Total protein was isolated and immunoblotting was performed using antibodies against Bim and /?-actin. (b) MCF-7 
cells were transfected with Bim 3'UTR reporter plasmid containing binding sites for members of miR-1 06b-25 (Bim UTR-wt) or Bim 3'UTR reporter plasmid with mutated 
binding sites for members of miR-1 06b-25 (Bim UTR-mt). At 24 h after transfection cells were left untreated (Un) or treated with (2.0 fiM) Tg and (2.0 /^g/ml) Tm, (50 ^g/ml) 
Eto, or (600 fM) H 2 0 2 . Luciferase activity was measured 48 h after transfection using Dual-Glo assay system and normalized luciferase activity (Renilla/Firefly) is shown. Error 
bars represent mean ± S.D. from three independent experiments performed in duplicate, (c) PC12 cells were transfected with Bim 3'UTR reporter plasmid containing binding 
sites for members of miR-1 06b-25 (Bim UTR-wt). At 24 h after transfection cells were left untreated (Un) or treated with (0.25 fM) Tg and (2.0 ^g/ml) Tm. Luciferase activity 
was measured 48 h after transfection using Dual-Glo assay system and normalized luciferase activity (Renilla/Firefly) is shown. Error bars represent mean ± S.D. from three 
independent experiments performed in duplicate, (d) MCF-7 cells were transfected with Bim 3'UTR reporter plasmid containing binding sites for members of miR-1 06b-25 
(Bim UTR-wt) in combination with pcDNA3 (pcDNA), WT Ire1, dominant-negative Ire1 (AC I re 1 ) , WT Perk or dominant-negative Perk (K618A Perk) expression plasmids. At 
24 h after transfection cells were left untreated (Un) or treated with (2.0 fM) Tg and (2.0 /^g/ml) Tm. Luciferase activity was measured 48 h after transfection using Dual-Glo 
assay system and normalized luciferase activity (Renilla/Firefly) is shown. Error bars represent mean ± S.D. from three independent experiments performed in duplicate. 
(*P<0.05, two-tailed unpaired f-test compared with untreated cells) 
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during ER stress (Figure 2b). Further, we did not observe any 
significant changes in the luciferase activity of Bim UTR-wt 
construct in MCF-7 cells upon treatment with etoposide (Eto) 
or hydrogen peroxide (H 2 0 2 ) (Figure 2b). We observed a 
similar increase in the luciferase activity of Bim UTR-wt 
construct during ER stress conditions in PC12 cells 
(Figure 2c). Ire1 and Perk are two proximal sensors of UPR 
in the ER membrane. 2 To explore the mechanisms behind the 
upregulation of luciferase activity of Bim UTR-wt construct 
during ER stress we used dominant-negative constructs of 
Ire1 and Perk. Co-expression of Perk-K618A completely 
inhibited the ER stress-mediated upregulation of luciferase 
activity of Bim UTR-wt (Figure 2d). Co-expression of 
the dominant-negative Irela, (AC Irela) did not affect the 
upregulation of luciferase activity of Bim UTR-wt (Figure 2d). 
These data suggest that the Perk arm of the UPR is required 
for upregulation of luciferase activity of Bim UTR-wt during 
conditions of ER stress. 

Repression of miR-106b-25 cluster during ER stress is 
Perk-dependent. We next used the photosensitizer hyper- 
icin that accumulates prevalently in the ER membrane and 



upon light exposure generates reactive oxygen species, 
causing a loss-of function of the sarco/endoplasmic reticulum 
Ca 2+ -ATPase and consequent ER stress. 20 Hypericin- 
mediated photo-oxidative (phOx) ER damage induces Perk- 
dependent cell death (Figure 3a). We determined the effect 
of phOx-mediated ER stress on the expression level of miR- 
106b-25 cluster in WT and Perk" 7- MEFs. We found that 
phOx-mediated ER stress led to a significant decrease in the 
levels of miRNAs belonging to miR-1 06b-25 cluster in WT but 
not in Perk -7- MEFs (Figure 3c). Furthermore, the expres- 
sion of Bim was increased in WT but not in Perk -7- MEFs 
(Figure 3b). The transcription factors Atf4, Nrf2, and Chop 
are activated downstream of Perk kinase during ER stress. 3 
As such we determined the effect of ectopic Atf4, Nrf2, and 
Chop on the expression level of miR-1 06b-25 cluster. We 
found that overexpression of both Atf4 and Nrf2 in PC12 cells 
led to a significant decrease in the levels of miRNAs 
belonging to miR-1 06b-25 cluster (Figures 4a and b) 
whereas expression of Chop had no such effect 
(Supplementary Figure 1). We found an inverse correlation 
in the expression of Mcm-7 (host gene for miR-1 06b-25) and 
Bim mRNA level upon expression of both Atf4 and Nrf2 in 
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Figure 3 PERK-dependent regulation of miR-1 06b-25 cluster during conditions 
of ER stress, (a) WT and Perk knockout (Perk _/ ~) MEFs were exposed to 
phOx stress (200 nM hypericin for 2 h, 2.7J/cm 2 ). The graph shows the surviving 
fraction of cells 24 h after treatment. Error bars represent mean ± S.D. from three 
experiments performed in duplicate. (*P<0.05, two-tailed unpaired f-test compared 
with WT MEFs). (b) WT and Perk knockout (Perk _/ ~) MEFs were exposed to 
phOx stress (200 nM hypericin for 2 h, 2.7J/cm 2 ) and expression levels of Bim was 
quantified by real-time RT-PCR, normalizing against Gapdh. Error bars represent 
mean ± S.D. from two independent experiments performed in triplicate, (c) WT and 
Perk knockout (Perk _/ ~) MEFs were incubated with 200 nM hypericin for 2 h and 
irradiated (2.7J/cm 2 ) (phOx stress). Expression level of miR-1 06b, miR-25, 
and miR-93 was quantified by real-time RT-PCR, normalizing against snoRNA. 
Error bars represent mean ± S.D. from two independent experiments performed 
in triplicate. (*P<0.05, **P<0.01, two-tailed unpaired f-test compared with 
untreated WT MEFs) 
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Figure 4 Effect of ectopic Atf4 and Nrf2 on the expression miR-1 06b-25 cluster 
and Bim. (a and b) PC12 cells were transfected with pcDNA3 (c), WT Atf4 or 
Nrf2 expression plasmids and total RNA was isolated at indicated time points. 
Expression levels of indicated miRNAs were quantified by real-time RT-PCR, 
normalizing against snoRNA. Error bars represent mean ± S.D. from three 
independent experiments performed in triplicate. (*P<0.05, **P<0.01, two-tailed 
unpaired f-test as compared with control transfected cells), (c) PC12 cells were 
transfected with pcDNA3 (c), WT Atf4, or Nrf2 expression plasmids. Total RNA was 
isolated and expression levels of Chop, Bim, and Mcm-7 were quantified by real- 
time RT-PCR, normalizing against Gapdh. Error bars represent mean ± S.D. from 
three independent experiments performed in triplicate. (*P<0.05, **P<0.01, two- 
tailed unpaired f-test as compared with control transfected cells), (d) pTRIPZ- 
shKeap1-293T cells were treated with (500 ng/ml) of doxycycline for indicated time 
points and expression levels of miR-1 06b, miR-93, and miR-25 were quantified by 
real-time RT-PCR, normalizing against snoRNA. Error bars represent mean ± S.D. 
from four independent experiments performed in triplicate. (*P<0.05, **P<0.01, 
two-tailed unpaired f-test as compared with uninduced (No Dox) cells) 
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PC12 cells (Figure 4c). However, there was no change in the 
expression of Chop upon expression of both Atf4 and Nrf2 in 
PC12 cells (Figure 4c). 

Under basal conditions, Nrf2 is localized in the cytoplasm 
through an interaction with the BTB (broad complex, Tram- 
track, and Bric-a-Brac) domain containing protein Kelch-like 
ECH-associated protein 1 (Keapl). 21 Next, we knocked down 
the levels of Keapl by introducing the tetracycline-inducible 
Keapl -targeted short hairpin RNA (shRNAs) into 293T cells 
and then assessed their effects on expression of miR-1 06b-25 
cluster and Bim. Analysis of Keapl mRNA levels demon- 
strated that the system is capable of a dox-dependent 
knockdown of its target gene (Figure 4d). To address the 
functionality of the Keapl knockdown, we analyzed the 
relative levels of two Nrf2-target genes (HO-1 and NQO-1) 
in pTRIPZ-shKeap1-293T cells in the absence and presence 
of dox. We found that levels of two Nrf2-target genes (HO-1 
and NQO-1) were increased significantly in the dox-treated 
cells (Supplementary Figure 2). Hence, the knockdown of 
Keapl can be correlated with increase in the levels of Nrf2- 
target genes. We observed significant downregulation of 
miRNAs belonging to miR-1 06b-25 cluster in pTRIPZ- 
shKeap1-293T cells in presence of dox (Figure 4d). Taken 
together, these results show Atf4 and Nrf2 can repress 
expression of the miR-1 06b-25 cluster independent of ER 
stress. 

miR-1 06b-25-dependent induction of Bim is required for 
ER stress-mediated apoptosis. We have previously 
shown that PC12 cells undergo Bim-dependent apoptosis 
during conditions of ER stress. 22 We therefore treated PC12 
cells with Tg and Tm, and evaluated the expression of miR- 
106b-25 cluster and Bim. We observed significant down- 
regulation of miRNAs belonging to miR-1 06b-25 cluster in 
PC12 cells treated with Tg or Tm (Figure 5a). Expression of 
Mcm-7 (host gene for miR-1 06b-25) mirrored the expression 
of miRNAs belonging to miR-1 06b-25 cluster (Figure 5a). 
Next, we evaluated the expression of miR-1 06b-25 cluster 
upon exposure to 4-hydroxynonenal (4-HNE) and tert- 
butylhydroquinone (tBHQ). 4-HNE, a lipid peroxidation 
product is a component of oxidized low-density lipoproteins 
and is a physiological inducer of ER stress. We found that 
4-HNE treatment increased the expression of UPR target 
genes in PC12 cells (Supplementary Figure 3). tBHQ is a 
derivative of hydroquinone and has been shown to stabilize 
Nrf2 by inhibiting its degradation. 23 We observed that 4-HNE 
and tBHQ treatment downregulated the expression of miR- 
106b-25 cluster and Mcm-7 (Figures 5b and c). Further, we 
found an inverse correlation between expression of miR- 
106b-25 cluster and Bim upon exposure of PC12 cells to Tg, 
Tm, 4-HNE, and tBHQ (Figure 5). Collectively, these results 
demonstrate that ER stress induced by diverse cytotoxic 
drugs causes a decrease in miR-1 06b-25 cluster and 
increase in Bim mRNA. 

Both 4-HNE and tBHQ have been shown to induce 
apoptosis in mammalian cells. 24-25 Indeed, we observed 
cytotoxic effects of 4-HNE and tBHQ in a dose-dependent 
manner (Supplementary Figure 4). To determine the role of 
Bim in the cytotoxic effects of Tg, Tm, 4-HNE, and tBHQ, we 
knocked down Bim levels by introducing Bim-targeted 
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Figure 5 Downregulation of miRNAs belonging to miR-1 06b-25 cluster during 
conditions of ER stress. PC12 cells were either untreated (Un) or treated with 
(0.25 //M) Tg and (2.0/zg/ml) Tm for 24 h (a), (100/zM) 4-HNE for 6h (b), and 
(0.5 mM) tBHQ for 12 h (c). The expression levels of miR-1 06b, miR-93 and miR-25 
were quantified by real-time RT-PCR, normalizing against snoRNA. The expression 
level of Bim and Mcm-7 was quantified by real-time RT-PCR, normalizing against 
Gapdh. Error bars represent mean ± S.D. from three independent experiments 
performed in triplicate. (*P<0.05, **P<0.01, two-tailed unpaired f-test as 
compared with untreated cells) 



shRNAs into PC12 cells and then assessed their effects on 
cell survival. Notably, the cytotoxic effect of Tg, Tm, 4-HNE, 
and tBHQ was attenuated in PC12 cells expressing Bim- 
targeted shRNAs (Figure 6a). Next we evaluated the role of 
the miR-1 06b-25 cluster-dependent regulation of Bim expres- 
sion and ER stress-induced apoptosis. For this purpose, we 
expressed the three miRNAs of miR-1 06b-25 cluster (miRs- 
106b/93/25) in Neo and Bim-shRNA cells. We found that 
ectopic expression of miR-1 06b-25 cluster attenuated the 
ER stress-mediated upregulation of Bim in PC12 cells 
(Figure 6b). The effect of miR-1 06b-25 cluster on ER stress- 
induced induction of Bim was significant but not as 
pronounced as Bim-shRNA (Figure 6b). Notably, expression 
of miR-1 06b-25 cluster or Bim-shRNA had no effect in Tg- 
induced expression of Chop (Figure 6b). Next, we used Chop 
small interfering RNA and evaluated its role in ER stress- 
induced induction of Bim and apoptosis in PC12 cells. 
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Figure 6 Inhibition of ER stress-induced apoptosis by miR-106b-25 cluster is mediated by repression of Bim. (a) The control (Neo) and Bim-shRNA expressing 
(Bim-shRNA) PC1 2 cells were either untreated (Un) or treated with (0.25 fiM) Tg, (2.0 /^g/ml) Tm, (0.5 mM) tBHQ, and (1 00 fiU) 4-4-HNE for 48 h. Apoptosis was determined 
with annexin-V/PI staining followed by FACS analysis. Percentages of cells positive for both annexin-V and annexin-V/PI are shown. Average and error bars represent 
mean ± S.D. from three independent experiments. (*P< 0.005, two-tailed unpaired f-test as compared with control (Neo) cells), (b) Upper panel, The indicated cells were 
either untreated (Un) or treated with (0.25 fiM) Tg for indicated 24 h. Total protein was isolated and immunoblotting was performed using antibodies against Bim, Chop and 
/5-actin. Lower panel, in the experiment described in (a), induction of Bim and Chop was calculated after densitometric analysis of the autoradiographs with Image J. Average 
and error bars represent mean ± S.D. from three independent experiments.(**P<0.05, two-tailed unpaired f-test as compared with miR-106b-25 expressing (Neo/miR-106b- 
25) cells), (c) The indicated cells were either untreated or treated with (0.25 ^iM) Tg, (2.0/^g/ml) Tm, (0.5 mM) tBHQ, and (100^M) 4-4-HNE for 48 h. Apoptosis was 
determined with annexin-V/PI staining followed by FACS analysis. Percentages of cells positive for both annexin-V and annexin-V/PI are shown. Average and error bars 
represent mean ± S.D. from three independent experiments. (*P< 0.005, two-tailed unpaired f-test as compared with control (Neo/pCDH) cells), (d) The indicated cells were 
either untreated or treated with (0.25 fiU) Tg for 24 h or (2.0 /ig/ml) Tm for 24 h, (0.5 mM) tBHQ for 12 h, and (1 00 fiU) 4-4-HNE for 12 h, and DEVDase activity was measured 
as described in Materials and Methods. Average and error bars represent mean ± S.D. from three independent experiments. (*P< 0.005, two-tailed unpaired f-test as 
compared with control (Neo/pCDH) cells) 



We found that knockdown of Chop expression had no 
significant effect on the ER stress-induced increase in Bim 
expression and apoptosis in PC12 cells (Supplementary 
Figure 5). These results suggest that Bim induction is an 
important determinant of ER stress-induced cell death in 
PC12 cells; however, Chop does not have a major role in ER 
stress-induced induction of Bim in this model. We observed 
that expression of miR-106b-25 cluster inhibited apoptosis 
and caspase activity induced by Tg, Tm, 4-HNE, and tBHQ 
(Figures 6c and d). However, the expression of miR-106b-25 
cluster in Bim-shRNA cells did not confer any further protec- 
tion against Tg, Tm, 4-HNE, and tBHQ-induced apoptosis and 
caspase activity (Figures 6b and c). These results suggest 



that Bim is the functionally relevant target of miR-106b-25 
cluster in providing resistance to Tg-, Tm-, 4-HNE-, and tBHQ- 
induced cell death. 

Downregulation of miR-106b-25 cluster in the SOD1 G86R 
mice. The occurrence of ER stress is associated with disease 
progression and motoneuron degeneration in amyotrophic 
lateral sclerosis (ALS) mouse models. 26 Many studies have 
shown that Bim is induced at the protein level in ALS 
models, 26-27 and deletion of Bim drastically decreases the 
number of apoptotic cells in the ventral horn of SOD1 G93A mice 
symptomatic mice 28 We therefore determined the expression 
levels of Bim and miRNA belonging to miR-106b-25 cluster 
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in the post-symptomatic mSOD1 G86R transgenic mice. Disease 
progression was determined as the appearance of abnormal 
limb-clasping, slight tremor felt in one of the hind limbs, wobbly 
gait and the first signs of paralysis in one hind limb. We 
observed significant increase in Bim protein (Figure 7a) and 
downregulation in the expression of miR-106b-25 cluster in the 
cortex of mSOD1 G86R transgenic mice as compared with the 
age-matched WT mice (Figures 7b-d). Our results support 
previous findings, suggesting a functional role of the proapop- 
totic protein Bim in ALS. 28 

Expression of miR-106b-25 cluster can determine sensi- 
tivity to ER stress. Next, we evaluated whether expression 
level of miRNAs belonging to miR-106b-25 cluster can 
affect the sensitivity to ER stress-induced cell death. For 
this purpose we used human cholangiocarcinoma (H69, Mz- 
ChA-1, KMCH) cell lines, which have been previously 
reported to have differential expression of miR-106b-25 
cluster. 29 We found that Mz-ChA-1 and KMCH cell lines, 
which have increased basal expression of miR-106b-25, are 
resistant to ER stress-induced apoptosis as compared with 
H69 cells (Figures 8a and b). These results suggest that 
reduced expression level of miR-106b-25 can sensitize the 
cells to ER stress-induced cell death. 
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Figure 7 Downregulation of miRNAs belonging to miR-106b-25 cluster in the 
S0D1 mutant mice, (a) The total protein was isolated from the cortex of WT 
and symptomatic SOD1 G86R mice. A total of 40 protein per sample used for 
immunoblotting was analyzed using antibodies against Bim and HSP90. Upper 
panel, western blot analysis of Bim expression in cortex of WT and symptomatic 
SOD1 G86R mice. Lower panel, average of Bim expression in the cortex of WT 
(n = 2) and symptomatic SOD1 G86R (n = 7) mice are shown and error bars 
represent mean ± S.D. (**P<0.05, two-tailed unpaired f-test as compared with WT 
mice), (b-d) The total RNA was isolated from the cortex of WT and symptomatic 
SOD1 G86R mice and expression levels of miR-106b, miR-93, and miR-25 were 
quantified by real-time RT-PCR, normalizing against U6 snRNA. Box plots showing 
median and distribution of miR-106b (b), miR-25, (c) and miR-93 (d) in the cortex of 
WT (n = 6) and symptomatic SOD1 G86R (n = 6) mice are shown. (*P<0.05, 
Wilcoxon signed rank test as compared with WT mice) 



Discussion 

ER stress constitutes a physiological as well as pathological 
stress stimulus, which when overwhelming, can lead to 
apoptotic death of the damaged cell. 1 This study demon- 
strates that miRNAs belonging to the miR-106b-25 cluster 
have an important role in ER stress-induced apoptosis 
through the regulation of proapoptotic BCL2-family members. 
Moreover, it demonstrates how the miR-106b-25 cluster 
regulates Bim expression by post-transcriptional mechanisms 
during ER stress (Figure 9). We have used a variety of cell 
lines in this study, for example H9c2 (rat cardiomyocytes), 
MEFs, and the cancer cell lines PC12 (rat pheochromocy- 
toma) and MCF-7 (human breast cancer), which all possess 
different features and observed reduced expression of 
miRNAs belonging to miR-106b-25 cluster during UPR. Our 
results suggest that downregulation of the miR-106b-25 
cluster in response to ER stress is a general event. This 
report provides evidence that during conditions of ER stress 
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Figure 8 Effect of miR-1 06b-25 expression on sensitivity to ER stress-induced 
cell death, (a) The expression of miR-1 06b-25 cluster members was measured by 
qRT-PCR from total RNA isolated from lysates of the indicated cell lines. Results are 
presented as relative expression using Z30 as an internal control and employing the 
delta-delta C t method. Error bars represent mean ± S.E. from three independent 
experiments performed in triplicate. Statistical significance was determined by 
ANOVA with Bonferroni post hoc correction; *P<0.05, **P<0.01, ***P< 0.001, 
compared with H69 cells, (b) Indicated cell lines were treated with (2.0 ^M) Tg and 
(2.0 jug/ml) Tm for 24 h. After treatment the apoptotic nuclei were determined as 
described in Materials and Methods section. Error bars represent mean ± S.E. from 
three independent experiments performed in triplicate. Statistical significance was 
determined by ANOVA with Bonferroni post hoc correction; *P<0.05, **P<0.01, 
***P< 0.001, compared with H69 cells 
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Figure 9 Schematic summary detailing the main conclusions of this manuscript. 
During ER stress the transcription factors Atf4 and Nrf2 are activated and 
downregulate the Mcm7, host gene of miR-106b-25 cluster in a Perk dependent 
manner, thus contributing to induction of Bim and ER stress-induced apoptosis (see 
text for details) 



expression of Bim is inversely related to miRNAs belonging to 
miR-106b-25 cluster. Expression of miR-106b-25 in PC12 
cells abrogated ER stress-induced increase in Bim, albeit not 
completely (Figure 2a). These results underscore the impor- 
tance of post-transcriptional modifications in regulating the 
levels of Bim during ER stress. 

Chop is a transcription factor that is induced by several 
stress stimuli, such as ER stress, amino-acid starvation, DNA 
damage, or nitric oxide, but how Chop mediates apoptosis has 
so far been unclear. Recently, a new pathway linking the Chop 
branch of the UPR to apoptosis was described where Chop, 
through endoplasmic reticulum oxidoreductin 1 alpha induc- 
tion, activates inositol trisphosphate receptor-mediated ER 
calcium release and triggers apoptosis. 30 ER stress has been 
shown to upregulate Bim through Chop-C/ebpa-mediated 
direct transcriptional induction. 5 Although ER stress induced 
Bim transcription in several cell types, the level of induction 
was not uniform and there was no apparent transcriptional 
induction in 293T kidney epithelial cells. 5 Chop is clearly 
important for ER-stress-induced apoptosis in many scenarios; 
however, Chop is not uniformly essential for cell death 
induced by ER stress. PERK _/ ~ and AFT4 _/ ~ MEFs and elF2a 
(Ser51Ala) knock-in MEFs are hypersensitive to ER-stress- 
induced apoptosis although, they fail to induce Chop during 
ER stress. 31 These data support our results showing that 
Chop does not have a major role in ER stress-induced 
induction of Bim in this scenario. 

What is the biological significance of transcriptional repres- 
sion of miR-17-92 cluster by Atf4 and Nrf2? Transcription 
factors, Atf4 and Nrf2 are activated during ER stress in a Perk- 
dependent manner. Genetic and pharmacological experi- 
ments have demonstrated that Perk signaling can confer both 
protective and proapoptotic effects in response to ER 
stress 31-32 For instance, genetic deletion of Perk sensitizes 
the cells to ER stress-induced apoptosis. 31 However, sus- 
tained Perk signaling has been shown to impair cell prolifera- 
tion and promote apoptosis. 33 Atf4 has been shown to act as a 
pro-death transcriptional activator in the nervous system that 



propagates death responses to oxidative stress in vitro and 
to stroke in vivo. 34 Atf4 also mediates ER stress-induced 
cell death of neuroectodermal tumor cells in response to 
fenretinide or bortezomib. 35 In unstressed cells, Nrf2 is 
maintained in a latent cytoplasmic complex by virtue of its 
binding to the BTB protein, Keapl. 21 As expected, Keapl- 
deficient mice show increased activity of Nrf2 but die 
perinatally. 36 Further, sustained activation of Nrf2 in auto- 
phagy protein 5-deficient murine livers due to p62-mediated 
stabilization of Nrf2 has been reported to be a major cause 
of toxicity in autophagy-impaired livers. 37 However, the 
molecular mechanisms by which Atf4 and Nrf2 exert their 
proapoptotic effects are not clearly understood. The data 
presented here provide the molecular mechanism underlying 
Perk-mediated cell death where repression of miR-106b-25 
cluster by Atf4 and Nrf2 has an important role in the ER 
stress-mediated increase in Bim protein and apoptosis. 

The occurrence of ER stress is associated with disease 
progression and motoneuron degeneration in ALS mouse 
models. 38 More importantly, analysis of post-mortem samples 
derived from sporadic ALS (sALS) patients demonstrated 
upregulation of the UPR transcription factor Atf4 in tissue from 
human sALS patients. 39 Notably, it has been demonstrated 
that Bim is upregulated in a familial ALS (fALS) mouse 
model during the symptomatic stage and ablation of BIM 
in vivo reduced cellular apoptosis in the ventral horn of a 
transgenic mouse model of fALS, increasing lifespan. 28 Our 
results suggest an active engagement of the miR-106b-25 
cluster in fine tuning the expression of Bim in fALS. Blocking 
the mitochondrial apoptotic pathway has been shown to 
preserve motor neuron viability and function in a mouse 
model of fALS model, suggesting therapeutic benefits of 
targeting the mitochondrial apoptosis pathway. 40 Therefore, it 
is crucial to identify specific upstream regulators of mito- 
chondrial cell death machinery in motoneurons as potential 
therapeutic targets. Collectively, our results uncover a new 
function of miR-106b-25 cluster in vivo, and suggest that 
small molecules such as Atf4/Nrf2 inhibitors or mimics of 
miRNAs of miR-1 06b-25 cluster may be a feasible strategy for 
the treatment of protein folding disorders in the nervous 
system. 



Materials and Methods 

Cell culture and treatment. MEFs, H9c2, and MCF-7 cells were 
maintained in Dulbecco's modified eagle's medium (DMEM) supplemented with 
10% fetal calf serum, 100 fi/ml penicillin and 100 mg/ml streptomycin at 37 °C with 
5% C0 2 . PC12 cells were cultured in DMEM supplemented with 10% heat- 
inactivated horse serum, 5% fetal bovine serum (FBS) and 1% penicillin/ 
streptomycin (Sigma-Aldrich, Arklow, Ireland) at 37 °C with 5% C0 2 . Perk +/+ 
and Perk _/ ~ MEFs were a gift from Dr. David Ron (Skirball Institute, New York, 
NY, USA). Cells were maintained in DMEM medium supplemented with 10% FBS, 
2mM glutamine, 1 mM sodium pyruvate, MEM non-essential amino-acid solution, 
55 ^M 2-mercaptoethanol, 50 ^u/ml penicillin, and 50 mg/ml streptomycin at 37 °C, 
5% C0 2 in a humidified incubator. H69 cells are an immortalized non-malignant 
human cholangiocyte cell line that was cultured as previously described. 29 
KMCH and Mz-ChA-1 are human cholangiocarcinoma cell lines, grown in DMEM 
supplemented with 10% FBS, 0.1 ^g/ml insulin, penicillin, and streptomycin. Cells 
were treated with Tg and Tm for the times indicated. All reagents were from 
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. Hypericin preparation 
and cell photosensitization was performed as reported previously. 20 Briefly, before 
irradiation, MEFs were incubated with 200 nM hypericin for 2 h in FBS-free DMEM 
and 10% FBS was reconstituted after irradiation. 
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Generation of stable cell lines 

Bim shRNA/miR-106b-25 PC12 Cells. We generated stable PC12 cells with reduced 
levels of Bim using methods previously described, 28 by targeting Bim mRNA with 
shRNA using the lentiviral expression vector pLKO.1 and puromycin selection (3 ^g/ml 
for 7 days). Constructs were generated by Broad Institute (Boston, MA, USA) based on 
different criteria for shRNA design (see http://www.broad.mit.edu/genome_bio/trc/ 
rnai.html). To further generate subclones of the Neo- and Bim-shRNA PC12 cells 
expressing miR-106b-25 cluster Neo and Bim-shRNA cells were transduced with 
pCDH-CMV-miR-106b-25-EF1-RFP or the corresponding control pCDH-CMV-EF1-RFP. 
PC12 cells were transduced with the lentivirus using polybrene (5 /^g/ml) to increase the 
transduction efficiency. The subclones expressing miR-106b-25 cluster were obtained 
by sorting on the basis of red fluorescent protein (RFP) using the FACS (fluorescence- 
activated cell sorting) Ariall cell sorter (BD Biosciences, Oxford, UK) 
to attain >90% RFP positivity in the selected population. 

Keapl-shRNA 293T cells. Lentivirus was generated with tetracycline inducible 
pTRIPZ Keapl shRNA (clone shRNA7: 1 93-0454-D-1 1 ; Thermo Scientific, 
St Leon-Rot, Germany) in 293T cells using jetPEI transfection reagent (Polyplus 
transfection, VWR International Ltd, Dublin, Ireland) according to manufacturer's 
instructions. 293T cells were then transduced with the shRNA lentivirus and 
selection for shRNA-positive cells was performed with 5^g/ml puromycin. 
To determine selection efficiency, expression of Keapl shRNA was induced by 
0.5^g/ml doxycycline for 48 h and the percentage of RFP-positive cells (>80%) 
determined by flow cytometry (FACS Cantoll; BD). 

Animal experimentation. We used as an ALS model the SOD1 G86R transgenic 
strain (the equivalent of human SOD1 G85R ), which was generated in the FVB/N 
strain (strain FVB-Tg(Sod1-G86R)M1Jwg/J, The Jackson Laboratory, Bar Harbour, 
Maine, USA). All animal experiments were performed according to procedures 
approved by the Faculty of Medicine of the University of Chile (approved protocol 
CBA no. 0208 FMUCH). Disease progression was determined using methods 
described previously. 39 To monitor SOD1 pathogenesis in vivo, animals were 
euthanized and tissue was collected at different time points, depending on the 
analysis required. Total RNA was isolated from the cortex tissue and processed 
for miRNA expression analysis using standard procedures. 

RNA extraction, reverse transcription (RT)-PCR and real-time RT-PCR. Total RNA 
was isolated using RNeasy kit (Qiagen Ltd, West Sussex, UK) according to the 
manufacturer's instructions. RT was carried out with 2 /ug RNA and Oligo dT 
(Invitrogen, Bio-Sciences, Dublin, Ireland) using 20 U Superscript II Reverse 
Transcriptase (Invitrogen). Real-time PCR method to determine the induction of 
UPR target genes has been described previously. Briefly, complementary DNA 
(cDNA) products were mixed with 2 x TaqMan master mixes and 20 x TaqMan 
Gene Expression Assays (Applied Biosystems, Life Technologies Ltd, Paisley, UK) 
and subjected to 40 cycles of PCR in StepOnePlus instrument (Applied 
Biosystems). Relative expression was evaluated with AACr method. 

Measurement of miRNA levels using TaqMan qRT-PCR assays. Total RNA was 
reverse transcribed using the TaqMan miRNA Reverse Transcription Kit and 
miRNA-specific stem-loop primers (Applied BioSystems) in a small-scale RT 
reaction (comprised of 0.19/^1 of H20, 1.5 /u\ of 10X Reverse-Transcription Buffer, 
0.1 5 of 1 00 mM deoxyribonucleotide triphosphates, 1 .0 fi\ of Multiscribe Reverse- 
Transcriptase (50 U/^l), and 5.0 fi\ of input RNA (20 ng///l); components other than 
the input RNA were prepared as a larger volume master mix), using a Tetrad2 Peltier 
Thermal Cycler (Bio-Rad, Alpha Technologies Ltd, Wicklow, Ireland) at 16°C for 
30min, 42 °C for 30min and 85 °C for 5min. For miR-106b, miR-25, miR-93, 
snoRNA, and U6 snRNA, 4.0 ^l of RT product was combined with 16.0 /u\ of PCR 
assay reagents (comprised of 5.0 /u\ of H 2 0, 10.0 /u\ of TaqMan 2X Universal PCR 
Master Mix, No AmpErase UNG, and 1 .0 fi\ of TaqMan miRNA Assay) to generate a 
PCR of 20.0 fi\ of total volume. Real-time PCR was carried out on an Applied 
BioSystems 7900HT thermocycler at 95 °C for 10min, followed by 40 cycles of 
95 °C for 15 s and 60 °C for 1 min. Data were analyzed with SDS Relative 
Quantification Software version 2.2.2 (Applied BioSystems.), with the automatic C t 
setting for assigning baseline and threshold for C t determination. 

Plasmid constructs. The psiCHECK2 (Promega, MSC Ltd, Dublin, Ireland) reporter 
plasmid containing the Bim 3'UTR (psiCHECK2-B2) constructs were from Dr. Klaus 
Rajewsky, Harvard University, USA. The expression vector for WT Irela and 
IrelaAC were kind gifts from Dr. Kazunori Imaizumi, University of Miyazaki, Japan 



and expression plasmids for Atf4, WT Perk and K61 8A Perk were obtained from Dr. 
David Ron. The expression vector for WT Nrf2 was from Dr. Alan Diehl, University of 
Pennsylvania, USA. The expression vector for WT Chop was from 
Dr. Andreas Strasser, WEHI, Australia. For lentiviral expression of miRs-106b-25, 
a 1-kb human genomic fragment was amplified using miR-Vec-miRs-106b/93/25 14 
as a template and cloned in to pCDH-CMV-EF1-RFP. Transient transfections were 
carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's 
protocol. 

Luciferase reporter assays. In Bim 3'UTR reporter assays, MCF-7 or PC12 cells 
were transfected with 1 //g of psiCHECK2 (Promega) reporter plasmid containing 
the Bim 3'UTR. At 24 h after transfection cells were treated with Tg or Tm for 24 h. 
Firefly luciferase and Renilla luciferase activities were measured 48 h after 
transfection at 560 nm using 10 s luminescence on Wallac plate reader and then 
normalized for Firefly luciferase activity. 

Western blotting. Cells were washed once in ice-cold PBS and lysed in whole-cell 
lysis buffer (20 mM HEPES pH 7.5, 350 mM NaCI, 0.5 mM EDTA, 1 mM MgCI 2 , 
0.1 mM EGTA, and 1% NP-40) after stipulated time of treatments and boiled at 
95 °C with Laemmli's SDS-PAGE sample buffer for 5 min. The proteins were 
transferred onto nitrocellulose membrane and blocked with 5% milk in PBS- 
0.05%Tween. The membrane was incubated with the primary antibody for Bim 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, Cat# sc-793) or /?-actin 
(Sigma-Aldrich, Arklow, Ireland, Cat# A-5060) for 2h at room temperature or 
overnight at 4 °C. The membrane was washed three times with PBS-0.05% Tween 
and further incubated in appropriate horseradish peroxidase-conjugated secondary 
antibody (Pierce, Rockford, IL, USA) for 90 min. Signals were detected using West 
pico chemiluminescent substrate (Pierce). 

Annexin V/PI Staining. Externalization of phosphatidylserine to the outer leaflet 
of the plasma membrane of apoptotic cells was assessed using annexin V-fluore- 
scein isothiocyanate according to manufacturer's instruction (BD Pharmingen, 
San Diego, CA, USA). 

Apoptotic nuclei measurements. After treatment, 4',6-diamidino-2-phenylindole 
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added at a final concen- 
tration of 0.5mg/ml and cells were stained at 37 °C for 20-30 min. Nuclei were 
visualized by UV epifluorescence microscopy using a Leica DM I 6000B inverted 
microscope. Apoptotic nuclei (condensed, fragmented, intensely stained) were 
counted and presented as a percentage of total nuclei. At least 100 cells were 
counted per well, and all treatments were done in triplicate. 

Analysis ofcaspase activity. Caspase activity was determined using carbobenzoxy- 
Asp-Glu-Val-Asp-7-amino-4-methyl-coumarin (DEVD-AMC). Briefly, assay buffer 
(100 mM HEPES, 10% sucrose, 0.1% CHAPS, 5mM DTT, 0.0001% NP-40, pH 
7.25) containing 50 ^M DEVD-AMC (Peptide Institute Inc., Osaka, Japan) 
was added to samples. Cleavage of the substrate DEVD-AMC to liberate free 
AMC was measured using a Wallac 1420 Multilabel counter (Perkin Elmer 
Life Sciences, Dublin, Ireland) with 355 nm excitation and 460 nm emission 
wavelengths over 25 cycles at 1 min intervals. 

Statistical analysis. The data are expressed as mean ± S.D. for three indepen- 
dent experiments. Differences between the treatment groups were assessed using 
two-tailed unpaired student's f-tests. Wilcoxon signed rank test was used for 
assessing the difference between WT and SOD1 G86R animals. The values with a 
P<0.05 were considered statistically significant. 
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